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Precision studies of top quark properties are currently underway at the LHC and Tevatron colliders 
with the prospect of probing anomalous t — W — b interactions. In the mean time, recent experimental 
results for the Bd^s — Bd,s oscillation observables, the branching ratio Bs — ^ fi^ , as well as 
the forward - backward asymmetry in _B — > K*£'^£~, accompanied by the accurate theoretical 
predictions for the relevant observables obtained within the SM motivate a combined study of these 
observables in the presence of anomalous t—W — b vertices. We investigate contributions of such 
anomalous couplings to the B — > Xs£'^£~ decay mode, and combining them with the modifications 
of the Bd,a — Bd,a, B — >■ Xsj observables, we determine indirect bounds on the real and imaginary 
parts of the anomalous t — W — b interactions. We find these to be mostly superior to present 
direct constraints coming from top decay and production measurements at the LHC and Tevatron. 
Finally, we predict the allowed effects in the branching ratios of the Ba —^ fJ'^ IJ'~ and B — ^ K^*^vi/, 
as well as the forward-backward asymmetry in B — >■ K*£^£~ . We find that improved knowledge of 
these observables in the future could further constrain some of the anomalous tWb interactions. 
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I. INTRODUCTION 



In many scenarios of physics beyond the Standard Model (SM) , the top quark provides a preferred search window 
due to its large coupling to the physics responsible for the electro-weak symmetry breaking. A fascinating possibility 
then is that the top quark properties exhibit deviations from their predictions within the SM. The leading such 
contributions are encoded in the anomalous top couplings to SM gauge fields affecting the top anomalous (chromo)- 
electric and (chromo)-magnetic dipole moments [1], Flavor Changing Neutral Current (FCNC) couplings {tVuj, where 
V = g,j,Z) [2], as well as anomalous charged current interactions {tWdj). 

Precision studies of top quark properties are currently underway at the LHC and Tevatron colliders and will 
complete our knowledge of possible New Physics (NP) effecting the properties and interactions of the SM particles. 
In particular, both Tevatron [3, 4] and LHC [5] experiments have recently presented precise measurements, sensitive 
to the top quark - W boson - b quark vertex (tWb). 

Recently, we have reconsidered the t — bW helicity amplitudes in presence of anomalous tWb interactions, including 
corrections due to perturbative QCD effects [6], and found that some of the anomalous couplings are already being 
significantly constrained by the CDF and D0 measurements. In light of the first LHC results being able to provide 
constraints on possible anomalous tWb couplings, a more recent study [7] has combined bounds coming from t — >■ bW 
helicity amplitudes, angular asymmetries as well as single top production observables. 

On the other hand, the tWb vertex also plays an important role in B physics, since FCNC processes involving b 
quarks receive, within the SM, dominant contributions from loops involving a top quark and a W boson. During the 
recent years, the B factories, CDF and D0 experiments at the Tevatron as well as LHCb at the LHC have proceeded 
to probe B^.s — Bd^s oscillation observables, as well as rare FCNC mediated B decays with ever increasing precision. 
The first B physics observable to be studied for the effects of the anomalous tWb vertices was the B — > Xg^i decay 
rate [8]. The authors considered a complete basis of dimension six operators, free of tree-level FCNCs. To simplify 
the analysis, they assumed alignment of the operator fiavor structures with the SM CKM matrix, as well as the 
reality of the appropriate Wilson coefficients. Recently [9], we have explored the possible presence of anomalous tWdj 
interactions in Bd^s — Bd^s oscillations within a model independent approach based on the assumptions of Minimal 
Flavor Violation (MFV) [10], which extends the basis of operator flavor structures considered in [8]. We have found 
that the A_B — 2 mixing amplitudes can receive large contributions and that some of the possible operators can 
provide significant new sources of CP violation. In term, based on the recent global fits to neutral meson oscillation 
observables [11], we have derived preferred ranges for the anomalous couplings, some of them being more constraining 
than both B — > Xg^ as well as direct measurements. 

Inspired by the fast progress in the field we extend our analysis of the anomalous tWdj vertices to rare (semi)lcptonic 
B decays. Again we rely on MFV in order to reduce the number of possible operator flavor structures, and we review 
the framework in Sec. II. After performing the one-loop matching of our operator basis onto the low energy effective 
Hamiltonian describing AB = 1 FCNC processes, we obtain corrections to the relevant Wilson coefficients in Sec. HI. 
We proceed in Sec. IV by calculating the effects in the inclusive B — and B — )■ Xsi~^£~ decays, cross-checking 
the existing calculation [8] in the former mode. In order to derive bounds on both the real and imaginary parts of the 
appropriate Wilson coefficients we include the experimental results not only for the decay rates but also for the CP 
asymmetry in B — > Xgj. After performing a global fit of the Wilson coefficients, we derive predictions for several rare 
B meson processes like Bg — ?> H~^fJ,~, the forward-backward asymmetry (FBA) in i? ^ K*£'^£~' and the branching 
ratios for B — > K^*^i'D in Sec. V. Finally we conclude in Sec. VI. 



We adopt the framework used in our previous work [9], committing to an effective theory, described by the La- 
grangian 



where Csm is the SM part, A is the scale of NP and Qi are dimension-six operators, invariant under SM gauge 
transformations and consisting of SM fields. We assume that at the scale ^ ^ mt the SM fields with up to two Higgs 
doublets are the only propagating degrees of freedom, that the electroweak symmetry is only broken by the vacuum 
expectation values of these two scalars and that operators up to dimension six give the most relevant contributions 
to the observables we consider. Such an approach is appropriate to summarize weak scale effects of NP at A ^ mt, 
where the new heavy degrees of freedom have been integrated out. 

Our operator basis consists of all dimension-six operators that generate charged current quark interactions with the 
W , but do not induce FCNCs at the tree-level. Since we restrict our discussion to MFV scenarios, Lagrangian (1) 



II. FRAMEWORK 




(1) 
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has to be formally invariant under the SM flavor group = U{3)q x (7(3)„ x U{3)d where Q, u, d stand for quark 
doublets and up and down type quark singlets respectively. MFV requires that the only symmetry breaking 
spurionic fields in the theory are the up and down quark Yukawa matrices i^^d, formally transforming under Q'^^ as 
(3, 3, 1) and (3, 1, 3) respectively. 

We identify four relevant quark bilinears with distinct transformation properties under Q'^^: ud, QQ, Qu and Qd 
transforming as (1, 3, 3), (1 ® 8, 1, 1), (3, 3, 1) and (3, 1, 3) respectively. Using these, we can construct the most general 
^SM invariant quark bilinear flavor structures as 

uY^AudYdd, QAqqQ, QAquYuU, QAqdYdd, (2) 

where Axy are arbitrary polynomials of Y^Y^ and/or YdY^, transforming as (1 ® 8, 1, 1). 

In order to identify the relevant flavor structures in terms of physical parameters, we can without the loss of 
generality consider Y^^d condensate values in a basis in which (Yd) is diagonal: (Yd) — diag{md,ms,mb)/vd and 
(Yu) = V^diag{mu,mc,mt)/vu, where we have introduced separate up- and down-type Higgs condensates Vu,d, while 
Vis the SM CKM matrix. We also write Q,u,d in this basis in terms of quark mass eigenstates ULi,dLi,uiii,diii, 
where L,R subscripts denote chirality projectors V'-R,l = (1 ±75)'0/2. 

The final specification of the operator basis has been attentively described in Ref . [9] . It consists of seven distinct 
operators 

Q'll - [Q3r''rQ3]{cl^yiD^cl,d)-[Q3rQ3]{cl)\iD,<j>d), 

Q'L - v,i{[Q',T^rQ3]{ci^yiD^q^ciy [Q',rQ3MiD,cbd)} , 

Qrr = Vtb[tRrbR\{(l)iiD^cbd) , 

QLRb = [Q3'7'"'T%R](bdW;,, 

Q'LRt = Vtl[Q3CT^-r^ti,]cl,^W^^ , (3) 
where we have introduced the left-handed SU{2) doublets 

03 = (^^>L.,&l), Q3 = {tL,VtjdjL) , (4) 

with i,j flavor indices. Furthermore we have 

D, = d^ + i^-A';,T'^+i^-B^Y, 
M^;. = d^W^ - d.W; - gCabcW'^W^ , (5) 

and finally a^'^ ~ i[y^ ,'^'^]/2, while (f>u,d are the up- and down-type Higgs fields (in the SM 0„ = ir'^cf)'^). As already 
mentioned in the introduction, our operator basis coincides with the one used in Ref. [8] , expanded by the three primed 
operators. Furthermore we do not make the operators hermitian, hence effects of operators Q| are accompanied by C* 
and will be kept track of separately. For completeness we note that in scenarios, where the Yd {'^ rrih/vd) expansion 
is perturbative, the operators Qll and Qlri are expected to dominate, with Qur and QLRt being suppressed by a 
single power of Yd and the operators Q'^'I and being supressed by YdYj . 



III. MATCHING 



To establish how operators (3) affect b — > sj,g and b — > s£^£ , i/i' transitions, we match our effective theory (1), 
to the low energy effective theory described by 



4Gf 

QCDxQED + 
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(6) 



i=3 
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where the first term consists of kinetic terms of the light SM particles as well as their QCD and QED interactions. 
The relevant operators read 



(47r)2 
(47r)2 



010 



(47r)2 

e2 
(47r) 



(7) 



On the other hand, since they are not that crucial for our analysis, we omit the definition of the four-quark operators 
C'i,...,6 which can be found for example in Ref. [12]. 

We perform the matching of the operators in (1) to (6) by integrating out the top quark and electroweak bosons at 
leading order (LO) in QCD. We perform our calculation in a general gauge for the weak interactions, giving us the 
opportunity to check the ^ cancelation in the final results. The drawback is the appearance of would-be Goldstone 
bosons in both SM as well NP contributions. As a consequence of formulating the effective theory in a gauge and MFV 
invariant manner, our operators contribute to processes of interest with grater intricacy than just a mere modification 
of the tWb vertex. Generic penguin and box diagrams with anomalous couplings are shown in Fig. 1 and Fig. 2. 
Exact diagrams for a specific Qi can be reconstructed using Feynman rules given in the Appendix A. 

In all calculations we neglect the s quark and lepton masses. When dealing with b — > 57, g transitions, we expand 
the amplitudes up to second order in external momenta and keep first order ©(mh) terms. This allows us to generate 
operators ©7 8 as well as photonic contributions to Og. On the other hand, in the effective b ^ sZ and box diagram 
contributions presented in Fig. 2, which both contribute to Og.io.i/P: the external momenta can be completely neglected. 
We are interested in NP contributions to the observables at order and thus only need to consider single operator 
insertions. 




Figure 1. Types of diagrams encountered when computing b — >■ sV transitions, where V stands for 7, Z, g. Dotted lines represent 
would-be Goldstone bosons, crosses mark additional points where V can be emitted in one-particle-reducible diagrams and 
square represents an anomalous coupling. Gluon emission is only possible from quark lines and with the SM coupling. Quarks 
running in the loops are of up-type. 




Figure 2. Box diagrams contributing to fo — >■ sl'^l and b — >■ sw transitions. Diagrams with would-be Goldstons are absent, 
since the leptons are treated as massless. 



As the result of the matching procedure we obtain deviations from the SM values for the Wilson coefficients, i.e. 
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Ci = Cf^ + SCi, which we parametrize as 

j 

where Xt — fnf /m'^, ^ is the matching scale and kj are defined as 



Analytical expressions for /|"'\ /j''"''' are given in the Appendix B. 

We note, that the matching procedure for operator Q^^ stands out compared to the other operators. The charged 
current structure of this operator resembles that of the SM operator Qij'^T°-QiWI^. Consequently Wilson coefficients 
Ci,...,8 are changed in a trivial way Ci{fi) = (1 + k'^^ {fi))Cf^{fi). The change of the remaining Wilson coefficients 
Gg^io.iyp, matching of which involves the Z boson, is however not of this form. 

Some of the diagrams in Fig. 1 are UV divergent. We remove these divergences using the MS prescription leading 
to remnant log(m^//i^) terms. We shall quantify the matching scale dependence of our results and consequently 
their sensitivity to the UV completion of the effective theory by varying the scale between /i — 2mw and fi — mw- 
Since UV renormalization is necessary, our operator basis indeed needs to be extended to include operators that can 
serve as the appropriate counter-terms. Within the employed MFV framework examples of these operators read 

Q3 = [Q^r'^A'QQQ] [<PyiD^<j>,] + [QrA'QQQ] [cj^liD^^d] ■ (10) 

The operator Qi produces a counter-term for divergences in JGy , while Q2,3 provide counter-terms for divergent 
parts of ^Gg^io.i/p. The operator Q3 generates a tree-level bZs vertex. The sets of flavor matrices needed to match 
the structures of divergencies generated by the various operators in (3) are 

AQd = YuY^ , 

■^QQ ^ ■^"■^M ' ^^uY I YyY^^YdY^ , {YyY'^)'^YdY\ , YuY^YdY^YuY^ . (11) 

In our numerical analysis, we will selectively set contributions of certain operators to be nonzero. Consequently in 
the following, we will drop the implicit (tree-level) contributions of the operators in (10) to SCi, as these have been 
already investigated and constrained in the existing literature [13]. 

All /j*'"'-', f^-'^ are found to be ^ independent and a crosscheck with results from Ref. [8] is possible for some of them. 
We confirm their original results for all the operators except QLm, while an updated version of [8] confirms our result 
also for this operator. 
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Table I. Numerical values of functions fl and at fj, = 2mw- Numerical values used for the input parameters are 
fnt{2mw) = 165.0 GeV, — 0.231, mw = 80.4 GeV, mt{2mw) = 2.9 GeV, \Vtb\'^ — 1. All fi values correspond to matching 
at LO in QCD. 



To quantify the effects of our seven operators on Wilson coefficients (6) we present the numerical values of 
evaluated at — 2mw in Tab. I. We see that the contributions of the operator Q^^ and are identical in all 
cases, which means that k,ll can not induce new CP violating phases in the Wilson coefficients. Likewise, Qlri 
contributions to Gg^iOji/p are Hermitian. On the other hand it can induce a new CP violating phase in Gt.s. Finally 
at order 1/A^, operators Qrr and QhRb which contain right-handed down quarks only contribute to Ct^. These 
contributions are however very significant, since they appear enhanced as rrit/mi, (B3, B4) due to the lifting of the 
chiral suppression, as already pointed out in Ref. [8]. 
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IV. BOUNDS ON ANOMALOUS COUPLINGS 

Having computed SCi in terms of Ki, we turn our attention to observables affected by such contributions, fn 
particular at order the presently most constraining observables - the decay rates for B — >■ X^j and B — Xgt'^l'' 

are mostly sensitive to the real parts of Ki [14]. While in general both B — >■ Xrf,s7 channels are complementary in 
their sensitivity to flavor violating NP contributions [17], within MFV such effects are to a very good approximation 
universal and the smaller theoretical and experimental uncertainties in the later mode make it favorable for our 
analysis. In order to bound imaginary parts of k^, we consider the CP asymmetry in i? — >■ Xs"f. Finally, we compare 
and combine these bounds with the ones obtained from Bd,s ~ Bd,s oscillation observables in [9]. 

A. Real parts 

We consider the inclusive B — Xg^ and B — > Xsi^£^ branching ratios, for which the presently most precise 
experimental values have been compiled in [15, 16] 

By[B ^ X,j]e,>i.6 Gov = (3.55 ± 0.26) x 10^^ ^ 

Bt[B ^ X,^+/i-]iowq2 = (1.60 ± 0.50) X IQ-s . (12) 

Because the SM contributions to Ci{^h) and the corresponding operator matrix elements are mostly real [14], the 
linear terms in 5Ci, which stem from SM-NP interference contributions contribute mostly as Re[5Ci]. These are 
the only terms contributing at order 1/A^. Therefore, the bounds derived from these two observables are mostly 
sensitive to the real parts of Kj. Using results of [14], we have explicitly verified that the small Im[5Ci] contributions 
to Br[i? — > Xs^-'^d-^] have negligible effect for all operators except QRR.LRb- However, even for these operators Im[Ki] 
are much more severely constrained by Ax^-yy discussed in the next section. Also, using known NLO B — ^ Xsj 
formulae [19], we have verified that Im[(5Ci] contributions to this decay rate are negligible. To analyze the effects of 
SCi on the two branching ratios, we therefore neglect the small Im[(5Ci] contributions and employ the semi-numerical 
formulae given in Ref. [18] with a few modifications that we specify below: 

• In [18] all predictions are given in terms of SCi at the 6— scale = 4.8 GeV. Since we wish to check how our 
results depend on the matching scale /Lt, we express SCi{fj,b) using NNLO QCD running [20] as 

SCrinb) = 0.627 SCjimw) , 

SCrinb) = 0.579 SC7{2mw) ■ (13) 

On the other hand, Cg.io are only affected by EW running and their change with scale from 2mw to mw is 
negligible. 

• The authors of Ref. [18] assumed SCs — 0, which is not the case in our analysis. However, LO C7 and Cs ( thus 
also <5C7 and SCg) enter both observables in approximately the same combination (conventionally denoted as 
C^-^^, c.f. [21]). Employing the known SM NNLO matching and RGE running formulae [20] we can correct for 
this with a simple substitution in the expressions of Ref. [18] for the branching ratios SCr — >■ SCj + 0.2ASCs, 
where we have neglected the small difference between the matching conditions at fi — 2mw and = mw- We 
have verified that in this way we reproduce approximately the known (5Cg dependencies in _B — Xg^ [22] and 
B XJ+£- [14]. 

• As pointed out in the previous section, is to be treated differently than the other operators. Its effects in 
C3,...,8 can be seen as a shift in the CKM factor appearing in Eq. (6) VthV^* — >■ (1 + K'^^)Vff,Vj* . Consequently 
SM predictions for these contributions simply get multiplied by the factor of |1 + and only (5Cg,io.i/p need 
to be considered as nonzero. 

Taking all this into account and considering only one operator Qi to contribute at a time, we obtain the 95% C.L. 
bounds on Re[Ki] shown in Tab. II. 

The first column shows bounds obtained from Bd^s — Bd^s mixing as analyzed in Ref. [9], while the last column 
corresponds to combined bounds from all three observables. For the later we also present the results when the 
matching scale is set to /i = mw to check the scale dependence of our results. We can see that the bounds obtained 
change significantly only in the case of KLRb where lowering the scale to fj, = mw loosens the bounds by almost an 
order of magnitude. We have also checked that the B — )■ Xsj bounds agree nicely with those obtained in Ref. [8]. 
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Table II. Lower and upper 95% C.L. bounds on real parts of individual anomalous couplings Hj for /i — 2mw and bracketed for 
— mw, where mt(mw') ~ 173.8 GeV and mb{mw) = 3.06 GeV have been used. *The B — )■ Xs£^£~ bounds on Ke[KRR^LRb] 
are valid in the lm[MiiiR^LRb] = limit; see text for details. Accompanying plot serves for visual comparison of the presently 
allowed intervals. 



B. Imaginary parts 



We have shown in Ref. [9] that imaginary parts of primed Wilson coefficients can affect the CP violating phase in 
Bd,s ~ Bd^s mixing and nonzero values were found to improve the global fit of [11]. To constrain imaginary parts of 
the remaining four operators, which do not contribute with new phases in Bd^s — Bd^s mixing, we consider the direct 
CP asymmetry in B — > Xgj for which the current world average experimental value reads [15] 



-0.012 ±0.028. 



T{B ^ X,7) + TiB ^ X,-f) 
Based on the recent analysis of this observable in Ref. [23] we obtain the following semi-numerical formula 
Ax,^ = 0.006 + 0.039(A5'7 - A^^) 



(14) 



0.008 -1-0.051(A5'7-AJ7) Re[(5C7(2TO 



iw) 



0.012(A5'7 - A'17) + 0.002 Re[SC8{2mw)] 



- 0.256 + 0.264A78 - 0.023A5'7 - 2.799A^7 lm[SC7{2mw) 



0.668A^[7 - 0.005A5'7 - 0.563A78 + 0.135 



lm[SCsi2mw)] 



(15) 



The estimated intervals for hadronic parameters A"7, and A78 as specified in Ref. [23] dominate the theoretical 
uncertainty making it sufficient to use a LO QCD analysis in the perturbative regime. Thus, in addition to the 
numerical parameters specified in [23], we have used the LO QCD running for SCj^s in this observable. 

Performing a combined analysis of all considered bounds on the real and imaginary parts of individual Ki in which 
we marginalize the hadronic parameters entering 7 within the allowed intervals, we can obtain the allowed regions 
in the complex plain of (Re[Ki], Im[Ki]). 

As already argued, the imaginary part of kll does not contribute to the SCi and thus remains unconstrained. It also 



turns out that due to the large hadronic uncertainties, the imaginary parts of k^'^^, n'^'j^' remain largely unconstrained 
by Ax^-y and Bd,s — Bd,s mixing observables still provide the strongest constraints [9] (except for Im[Kiflt] which again 
remains unconstrained). On the contrary, constraints on the imaginary parts of krr and klui, reach per-cent level, 
as can be seen in Fig. 3. Finally we note that in absence of the long-distance effects on NP contributions considered 
in [23], Ax^-y would exhibit an even greater sensitivity to the imaginary parts of ^C7^8 [24], thus we consider our 
derived bounds as conservative. 



A") 



C. Comparison with direct constraints 



Anomalous tWb couplings can be studied directly at colliders, namely in the main top quark decay channel {t — bW) 
as well as in the single top production since in the SM both processes proceed through weak interactions. Contrary 
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Figure 3. 68% and 95% C.L. allowed regions in the K,jiii{2mw) (solid) and KLRt{2mw) (dashed) complex plain. The constraints 
are dominated by Br[i3 — > ^37] and Ax^-y- 



to indirect studies of tWb couplings in B physics, the most general parametrization of the tWb vertex of the form 



r — rSM 9 

t-tWb — t-tWh - 



(VlPl + VrPr)Y 



{GlPl + GrPr) 



(16) 



is sufRcient to a very good approximation, where Pl,r = 1/2(1 T 7^)- It is straightforward to identify the anomalous 
couplings Vr^l and Gr l as generated by our seven operators in Eq. (3) 

VL = Vtln'i'p* , VR = VtlK.*RR , gL = KlKlflh , gn. = VtlK^^ , (17) 

enabling us to compare recent direct bounds obtained from the Tevatron data [6, 7] with our indirect constraints. 
The comparison is shown in Fig. 4. 
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Figure 4. Left: Longitudinal helicity fraction as a function of the real part of k^'^^ obtained from [6]. Also shown is the 



latest combined Tevatron measurement [4] and allowed intervals for Kj^j^_^{2mw) as given in Tab. II. Middle: 95% C.L. allowed 
regions in the krr - kll (solid), k^/^ (dashed), (dotted) plane. Matching scale is set to fj, — 2mw- Right: 95% C.L. 
allowed regions in the K^Rb - Kiijt (solid), n'j^Rt (dashed) plane. Matching scale is set to fi = 2mw (full regions) and ^ — mw 
(hatched regions). Thick black lines correspond to bands of 95% C.L. allowed regions given by direct constraints from Ref. [7]. 



The first plot shows the longitudinal helicity fraction Fj^ as a function of the real parts of the anomalous couplings 
K^^j obtained from [6] and the latest combined measurements from Tevatron with the 95% C.L. band [4]. We find the 
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combined indirect constraints to be more stringent than direct bounds coming from hehcity fraction measurements. 
For other operators this conclusion is even more pronounced. 

Having more than one observable at disposal we can also consider pairs of operators contributing simultaneously 
and obtain 95% C.L. allowed regions in the corresponding planes as shown in the second and third plot of Fig. 4. 
The full and hatched shapes are obtained from indirect bounds while thick black line marks the border of the region 
obtained from helicity fraction and single top production analysis of Ref. [7] . In particular both vertical lines in the 
second graph are due to single top production measurements, as helicity fractions are insensitive to a change in the 
left-handed couplings. Also, the bottom thick line in the third graph is due to constraints from single top production, 
since as indicated in the first graph, the negative values of k^'^^ are better constrained indirectly than from helicity 
fractions. It is apparent that indirect constraints on the real parts of krr and ULRb are at present much more stringent 
than direct constraints. 



V. PREDICTIONS 



Having derived bounds on anomalous Kj couplings, it is interesting to study to what extent these can still affect 
other rare B decay observables. Analyzing one operator at a time we set the matching scale to = 2mw- 

Turning again to the semi-numerical formulae given in Ref. [18], we first consider the branching ratio Br[_Bs — > /i+/.j^] 
for which CDF's latest analysis yields [25] 

4.6 X 10"^ < Bt[Bs M^A^"] < 3.9 x 10~® , at 90% C.L. . (18) 

and the differential forward-backward asymmetry Apb{q^) in the B^i K*£'^£~ decay, for which the latest measure- 
ment of LHCb has recently been presented in Ref. [2G]. Finally, following Ref. [27] we analyze the allowed effects of 
Ki on the branching ratios Br(_B — > K'^*^i'v)^ which are expected to become experimentally accessible at the super-B 
factories [28]. 



.//////////'//, 
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Figure 5. Ranges of values for branching ratios obtained as anomalous couplings are varied within the 95% C.L. intervals given 
in Tab. II. Line in the n'^^m bar marks the value obtained when the coupling is set to the central fitted value given by the 
Bd,s — Bd,a mixing analysis. We also show the SM predictions (black) with la theoretical uncertainty band (dotted) and for 
the muonic decay channel the lower end of the experimental 90% C.L. interval from [25]. 



We present our findings in Figs. 5 and 6. The effects of anomalous couplings Kj on all branching ratios are similar. 
There is a slight tenancy of anomalous Kj couplings to increase the predictions compared to the SM values at the 
level of the present theoretical uncertainties, with the exception of krh and KLflb of which effects are negligible. In 
particular, none of the contributions can accommodate the recent CDF measurement of Br[i?s — ^ M"*"/^"] at the 95% 
C.L. , while a possible future measurement at the level of the SM could significantly constrain the and k^^^ 
contributions. Furthermore we find that the forward-backward asymmetry Ayb{<1^) can still be somewhat effected by 
k'^j^ and K_Rfl, for which we present the bands obtained when varied within the 95% C.L. intervals in Fig. 6. While 
not sensitive at the moment, in the near future, improved measurements by the LHCb experiment could possibly 
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probe such effects. On the other hand, the contributions of other anomalous couphngs all fall within the theoretical 
uncertainty bands around the SM predicted curve. 




12 3 456 12 3 456 



q~ [GeV'] q~ [GeV'l 

Figure 6. Apsiq^) band obtained when varying real parts of k'/^ (left) and k^jj (right) within the 95% C.L. interval given in 
Tab. 11. Also presented are the SM predicted central value (black) with la theoretical uncertainty band (dotted) and the latest 
measured points with experimental errors given in Ref. [26]. 



VI. CONCLUSIONS 

We have investigated contributions of anomalous tWb couplings in flavor changing neutral current mediated AB — 1 
processes within an effective field theory framework assuming minimal flavor violation. Having computed contributions 
to the inclusive B — >■ Xsi^i~ decay rate to order 1/A^, and combining them with the modifications of the B Xs^ 
and also Bd.s — Bd^s observables, we have determined the indirect bounds on the real and imaginary parts of the 
anomalous tWb couplings. For most of the considered effective operators, these indirect bounds are at present much 
stronger than the direct constraints coming from the t — > hW helicity fraction measurements, angular asymmetries 
and single top production at the Tevatron and the LHC. In particular, we are able for the first time to constrain the 
imaginary parts of most of the anomalous couplings already at order 1/A^. Taking into account these bounds, we 
have predicted the still allowed effects of the anomalous tWh interactions on the branching ratio of the Bs — !> fJ-^fJ-^ 
decay, the forward-backward asymmetry in _B — >■ K*i'^i~ , as well as the branching ratios of i? — >■ K^*^vv decays. The 
better knowledge of these and other recently proposed [29] observables in the future could further constrain some of 
the anomalous couplings. 
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Appendix A: Feynman Rules 



The relevant Feynman rules with anomalous couplings are shown in Tab. III. We have used the following abbrevi- 
ations 



cw 

vr = vr , 

Sw 



VL 



-w °w 



9R — —ULRb , 

9L = -Klut^Si - K'lutSsiSsj 



(Al) 
(A2) 
(A3) 
(A4) 

(A5) 
(A6) 



where i,j denote flavor indices. 




[y^VR,L+'-^9n,L]PR,L 




0+ 



0+ 




ir,r 



X (53 



' V2 




i^,V.4{l;^}{-9R.Ly-^]Pn.L 




-i(^)V/„v^„4-p^ 



ie KLRbS-imS-in ' .f,^ Pr 




-ie{l;^^} 



Table III. Feynman rules for the relevant anomalous vertices. Pl,r = (1 =F 7^)/2, indicies i^j and m, n label quark flavor. 
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Appendix B: Analytical formulae 



In this Appendix we present analytical expressions for functions /j^"'^ and /p"* defined in Eq. (8). 
notation we further decompose 



For shorter 



ft -9' 

Below we give all nonzero contributions 



1 



4,2 



^0) 

J 10 



1 



4,2 



AJ) 

J yh> 



1 



4,2 



j{LL) 



(LLi) 



(Llih) 



(LRt) 



'{LRt) 



(LRU) 



JLL) 



ALLi) 
J8 



ARR) 



ALRb) 



ALRt) 

h 



ALRt) 



JLL) 



JLU) 



-giLL,) 



JLLii) 



f(LL) f(LLii) _ 
J 7 — J7 - 

8x^ + 5a;2 - 7x 



22x3 _ i^^^2 ^ i^Q^ _ 4g 3^,3 „ 



72(x - 1)3 
3x3 _ 2a;2 
24(x-l)3 4(x- 1)4 



4(x- 1)^ 



logx 



rrit 
■nib 

mw 
rrib 
mt rl 



-5x2 _^ 3j^^ _ 20 2x - 3x2 



12(x- 1)2 



logx 



X m- 
2^°S-. 



w 



mt 



log- 



2(x-l)3 
6x3 _ 3^2:2 + 19a; 
^ 12(x- 1)2 ^ ^ 
-9x3 ^ 53^,2 _ iQ 



-3x4 _^ iQ^3 _ i2x'^ 



2x . 



6(x - 1)3 
3x4 _ ;^2a;3 - 9x2 



logx 



20x 



(X- 1)3 



24(x- 1)4 



logx 



(LRt/) _ mt 
mw 



-3x3 



17x2 - 4x - 4 2x - 3x2 



mw 



\Vt,\' 



-X 



24(x- 1)3 

X x2 log X 



4(x- 1)' 



logx 



ft 



(LL) 



fi 



8(x--l)2 4(x-l)3 

(LLff) _ 5x3 _ 9^2 ^ 3Q^ 



« ■'8 24(x-l)3 

x3 + 5x2 _|_ 2x 3x2 ^ 



3x2 ^ 

4(x- 1)4 



mb 
mt 
mw 



(x-l)3 

^2 



X 



4(x- 1)4 
4 3x log X 



4(x-l)2 2(x-l)3 
x2 -I- 5x 2x3 _ 6x2 -I- : 



logx 



4(x-l)2 2(x-l)3 

3x2 - 13x 4 5x - 2 , 

+ — rrrlogx 



f 



{LRU) 



(x- 1)3 

mt 
mw 



^X2 



4(x- 1)4 
5x — 2 3x log(x 



-giLL) 



(-X- 

-ISx^ -f 48x4 



X-l)3 4(X-1)4. 

250x3 - 384x2 + 39x + 77 



4, , m 
3 fi 
- 102x3 - 



2 
2 



108(x- 1)3 



135x2 - 68x + 8 



4 X 



log X 

18(x-l)4 ^ 
125x3 - 253x2 + 138x - 16 



-9x5 22x4 - 48x3 



36(x- 1)3 
99x2 _ + 8 



18(x- 1)4 



logx - |-I4fc|2 



= h''"^ = f^"' = log ^ -f ^(1 - logx - Wtb?) 



^3 2 
-9x5 ^ ;L2x4 



Xn 

2' 
48x3 



2 

250x3 



384x2 ^ 392, + 77 



108(x- 1)3 



99x2 - 59x-H8, ,nx, 

— ^ logx — Vth - logx 

18(x- 1)4 ^ I t6i 2 



(Bl) 
(B2) 
(B3) 
(B4) 
(B5) 
(B6) 
(B7) 
(B8) 
(B9) 
(BIO) 
(Bll) 
(B12) 
(B13) 
(B14) 
(B15) 
(B16) 

(B17) 

(B18) 

(B19) 
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(LLii) 



log- 



logx 



ALRt) ^ ~{LRt) ^ 

•2 



-mx^ + 136x2 + 25a; - 50 24a;3 - 45a;2 + 17a; + 2 , 

H m log X 



mw ' 

~{LRtl) ^ 

mw 
+ W 



\Vtb\' 



72{x - 1)3 
! a; - 2x2 



12(x- 1)4 



8(x-l)2 4(x-l)3 



logx 



^54x3 + 59x2 _^ _ 34 ^5^3 _ 27.^2 + + 1 



36(x- 1)3 
x2 + 3x - 2 X - 2x2 
8(x- 1)2 ^ 4(x - 1)3 



+ 
logx 



6(x- 1)4 



logx 



= /i(^^) = -(x+:^)iog 



•'W 



llx-5 -2x-^+x2-2x 



/Lt2 4(x-l) 



hiLL,) 



log 



+ 



3x 



^2 2(x-l) 2(x-l)2 



2(x-l) 
logx-IFtbl^ 



2 log a; 



llx — 5 x3 + x2 + X 



4(x - 1) 2(x - 1)2 



logx - |y(b|2|logX 



f^{LRt) ^ J^{LRt) ^ f^(LRtf) ^ 

mw 



3x 3x log X 

2(x- 1) 2(x- 1)2 

3x log X 



(x-1) (x-l)2 

J.(LL,) ^ ^(LL,) _ 3X ^ 3xl0g X 



(x-1) (X-1)2 

3 3x log X 

(X - 1) ^ (X - 1)2 



3 3x log X 
x-1 ~ (x - 1)2 



(B20) 
(B21) 
(B22) 
(B23) 
(B24) 
(B25) 
(B26) 
(B27) 
(B28) 
(B29) 
(B30) 
(B31) 
(B32) 
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